The objective of this study was to evaluate the effect of lake restoration by the hypolimnetic withdrawal method on the intensity of ambient odour in the vicinity of the pipeline outlet. The study was carried out in [2012][2013] 
INTRODUCTION
Eutrophication has become the primary water quality problem for most of the freshwater ecosystems in the world. It is one of the most visible examples of biosphere's alteration due to human activities affecting aquatic ecosystems (Zamparas and Zacharias, 2014) . One of the lake restoration method is a hypolimnetic withdrawal that has gained popularity over the years and is presently used to restore optimal water conditions in around 40 European lakes and 8 North American lakes (Nürnberg, 2007; Lehman et al., 2009) .
Moreover, the hypolimnetic withdrawal method is suitable for lakes that are stratified over summer and become anoxic in the layer of hypolimnion. A recognized disadvantage of this restoration technique is its impact on downstream waters, including eutrophication, oxygen depletion and odour development (Nürnberg, 2007) . This method involves the removal of oxygen-deficient water from the lake's hypolimnion layer, which is characterized by significant fertility and the presence of methane, hydrogen sulphide and decomposable organic matter, to the receiving body, usually a river (Cooke et al., 1982; Klapper, 1991; Nürnberg, 2007; Górniak et al., 2014; Zamparas and Zacharias, 2014) . Hypolimnion water pollutes the watercourse into which it is discharged, and it induces periodic changes in hydrochemical and biological conditions (Elloumi et al., 2008) . Some previous studied showed that without careful management, hypolimnetic releases can degrade water quality in the receivers such as rivers with small flows (Marshall et al., 2006; Nürnberg, 2007) . An additional side effect that is often disregarded by lake restoration studies is the characteristic and unpleasant odour of hydrogen sulphide in the surrounding air. This is a consequence of hydrogen sulphide presence, which is produced in the hypolimnion by microbiological processes of decomposition of sulphur-containing organic matter or by dissimilatory sulphate reduction (Ito et al., 2002) .
Most restoration programs involve lakes in urban areas (Klapper, 1991; Cooke et al., 1993) , therefore, odour poses a serious nuisance for local inhabitants and recreational lake users. Odour associated with surface waters and their surroundings has attracted the interest of reThe effect of lake restoration by the hypolimnetic withdrawal method on the intensity of ambient odour Renata TANDYRAK, 1* Iwona GOŁAŚ, 2 Katarzyna PARSZUTO, 1 Magdalena BOWSZYS, 3 Daniel SZYMAŃSKI, searchers in recent decades (Azkona et al., 1984; Wnorowski, 1992 , Yongsiri et al., 2004 Brudniak et al., 2013) . Unpleasant odour poses a significant problem for households which must be supplied with odourless and neutrally tasting potable water as well as for regions where water bodies are used for recreational purposes. Selected water odours have natural origin and may be associated with high concentrations of dissolved minerals. Yet most odours result from human activity and the evacuation of household, agricultural and industrial effluents which speed up the eutrophication of water bodies (Wnorowski, 1992; Huu Huan et al., 2013) . Growing pollution levels in water bodies, in particular lakes require urgent measures to inhibit and reverse those processes, including as part of restoration programs (Cooke et al., 1982; Klapper, 1991) . The researchers are focused on the positive effects of the hypolimnetic withdrawal but only for the recultivated reservoirs (Marshall et al., 2006; Nürnberg, 2007; Lehman et al., 2009; Dunalska et al., 2012 Dunalska et al., , 2013 . We think that our studies are unique worldwide because we did not found any papers, which were interesting in the effect of this method on the surrounding environment, e.g. rivers and air. Therefore an idea of our study could be important for reservoirs restored by the hypolimnetic withdrawal method in another places in the world.
Unpleasant odour is a symptom of pollution that exerts a highly negative influence on both the natural environment and human settlements (Kośmider et al., 2002; WHO, 2003) . This is the case in Lake Kortowskie (NE Poland) where restoration measures have been carried out continuously since the 1956. Selective discharge of bottom water is accompanied by the formation of unpleasant odour that is highly annoying for 30,000 inhabitants of the surrounding residential districts as well as numerous tourists. This study was undertaken to determine whether and to what extent the chemical and microbiological composition of hypolimnetic water evacuated from Lake Kortowskie influences the intensity of odorous emissions.
METHODS

Study area and collection of samples
The restoration program in Lake Kortowskie (53°45'42.6"N 20°26'41.9"E) has continued since 1956, and it involves selective discharge of bottom water. The pipeline evacuating hypolimnetic water is situated in the southern part of the lake, and its inlet is found in the deepest point of the lake at a depth of 17.2 m. Bottom water is discharged by the pipeline to the Kortówka River which flows out of the lake in the south-west (Fig. 1) . Together with hypolimnion water the settling organic particles and products of their degradation are removed from the lake, as well as the substances and microorganisms released from the bottom sediments. The lake restoration method and the outcomes of this long-term project have been discussed by Dunalska (2003) and Dunalska et al. (2007) . Hypolimnetic withdrawal via the pipeline begins during thermal stratification (water stagnation) in early July and ends with the onset of the fall turnover in late October. The lake is situated in the immediate vicinity of large residential districts of Słoneczny Stok and Kortowo as well as the academic campus. Lake Kortowskie is also a popular recreational site and tourist destination in summer. Samples of water and air were collected in two sites: site PO, at an estimated distance of 2 m from the outlet of the pipeline discharging water from Lake Kortowskie to the Kortówka River; site AC, behind the academic campus, at an estimated distance of 0.5 km from PO (Fig. 1) . Samples of water and ambient air were collected simultaneously between July and October 2012-2013, every 10 days on average. A total of 88 samples were collected, including 44 water and 44 air samples.
Air samples were collected by the lung method with the use of gas cylinders with a battery-powered fan into pre-conditioned Tedler bag inside the cylinder. Water samples for physicochemical and microbiological analyses were collected at the centre of the main river flow at a depth of 20-30 cm. Detailed diagram of physicochemical and microbiological analyses was illustrated in Fig. 2 .
Air sample analysis
Air samples were analysed ex situ by dynamic olfactometry. Odour concentrations were determined in the yes/no mode by trained panellists, with the use of the Ecoma Olfactometer TO 8. Olfactory sensitivity in panellists was regularly controlled and verified with a standard odorant, n-butanol. The analysis was conducted in accordance with European standard EN 13725:2003 (http://www.en-standard.eu/).
Physicochemical analyses of water samples
Water flow rates in the river and the pipeline were measured with the Valeport 801 flow meter according to the method described by Bajkiewicz-Grabowska et al. (1987) . The percentage proportions of lake water in river water were calculated based on flow measurements. Dissolved oxygen (DO) concentrations were determined by the Winkler's method, hydrogen sulphide (H 2 S) levels -by iodometric titration, sulphate (SO 4 ) concentrations were measured in the Dionex-Hach ICS 3000 system, and ammonium nitrogen (NH 4 -N) levels -in the Merck SQ118 photometer. For organic carbon fractions, particulate organic carbon (POC) and dissolved organic carbon (DOC) were separated by filtration through a membrane with 0. Tandyrak et al. carbon, a sample was acidified to pH 2 with 4 M HCl, and inorganic carbon forms were removed by passing oxygen through the sample. The concentrations of non-volatile total organic carbon (TOC) and dissolved organic carbon (DOC) were determined by the HACH IL 550 TOC-TN analyser, and total particulate organic carbon (T-POC) content was calculated as the difference in organic carbon concentrations in filtered and non-filtered samples (T-POC=TOC-DOC) according to Norm PN-EN 1484 :1999 The content of total nitrogen (TN) and total dissolved nitrogen (DN, in filtrate passed through a membrane with 0.45 μm pore size) was determined after mineralization (850 o C) in a chemiluminescence detector as nitrogen oxides (HACH IL 550 TOC-TN analyser). Total nitrogen in suspension (T-PN) was calculated as: T-PN=TN-DN.
Determination of total bacterial counts (DAPI staining) and in situ hybridization (FISH)
The samples for the quantification of bacterial communities by the FISH method and DAPI staining were fixed according to the protocol described by GotkowskaPłachta et al. (2016) and Loy et al. (2007) . Total bacterial abundance (TBA) and percentages of different morphological forms were determined by epifluorescence microscopy (Porter and Feig, 1980) . Triplicate subsamples were fixed with neutralized formaldehyde (pH 7.4, final concentration 4%) and stained with DAPI (SigmaAldrich, St. Louis, MO, USA) with a final concentration of 0.01 ng mL -1 for 15 min in the dark. The samples were gently passed through black Nuclepore filters with 0.2 µm pore size (GTTP, Millipore). Bacteria were counted under an Olympus epifluorescence microscope. More than 1000 bacterial cells were counted in 20 fields of view. Morphological differences between bacteria were identified based on the size and shape of bacterial cells according to the method described by Ruusuvuori et al. (2008) and Hiremath and Bannigidad (2012) .
The analysis of sulphate-reducing bacteria (SRB) populations was performed with Cy3-labeled probes focusing on sulphate-reducing bacteria (SRB) of the families Desulfovibrionaceae (probe SRB385) (Amann et al., 1990) and Desulfobacteriaceae (probe SRB385Db) (Rabus et al., 1996) . For the hybridization process, 2 μL (50 ng μL -1 ) of SRB385 and SRB385Db probe solution was combined with 18 μL of the hybridization buffer containing 1mM Tris HCl pH 7.4, 5 M NaCl, 10% SDS, and formamide. Formamide concentrations varied subject to the applied probe (20% for SRB and 30% for SRB385Db). The prepared solution (20 μL) was applied to filter pieces and hybridized at 46-50°C for 1.5-3 h, subject to the applied probe. The probe was cleaned with a warm rinse buffer (46°C) whose composition was identical to that of the hybridization buffer with the exception of formamide, which was replaced with 0.5MEDTA, pH 8 (Manz et al., 1998 , Tonolla et al., 2000 . Filters were rinsed with ultrapure water; they were dried and stained with the DAPI solution (50 μL) for 3 min at room temperature in dark. Stained fil- The effect of lake restoration on the ambient odour ters were thoroughly rinsed with 80% ethanol for more than 10 s to remove non-specific bonds; after which, they were rinsed with sterile distilled water and dried in air. Filter pieces were attached to slides with Citifluor (Agar Scientific, Essex, UK) and Vectashield (Vector Laboratories, Burlingame, CA, USA) immersion oils, applied 4:1, and covered with coverslips. The sulphate-reducing bacteria (SRB) was viewed under a fluorescent microscope (Olympus BX61) equipped with a ×100 oil immersion lens, UV lamp, DAPI and CY3 filters, and a CCD camera (Olympus). Images were analysed in the Cell F application (Olympus). More than 100 hybridized bacterial cells (FISH) and 1000 to 10,000 DAPI-stained bacterial cells were identified per every evaluated sample. Mean values and standard deviation were calculated from 20 random fields of view in every filter section and expressed in terms of 1 mL of water. The signal obtained with probe NON338 -a negative control -at each samples was subtracted from the specific counts. This signal was about 0.5% of the cell counts for each samples. The numbers of sulphate-reducing bacteria (SRB) were determined as the sum of cells hybridizing to probes SRB385Db targeting Desulfobacteriaceae and SRB385 targeting Desulfovibrionaceae. Mean values and standard deviation of TBA, SRB, rods, bacilli, cocci and spiral forms were expressed in terms of 1 mL of water. Additionally, the SRB, rods, bacilli, cocci and spiral forms counts were presented as the number and percentage of cells visualized by DAPI.
Statistical analysis
The significance of differences in the physicochemical parameters and bacterial counts in water and air samples from the Kortówka River between sampling seasons were determined by one-way analysis of variance (ANOVA). Leven's test was used to assess the homogeneity of variance. When Leven's test produced statistically significant results, the verified hypothesis was rejected. The KruskalWallis test, a non-parametric version of classical one-way ANOVA (Stanisz, 2006) , was then applied. The correlations between the physicochemical parameters and bacterial counts in water and air samples were determined by Spearman's non-parametric rank correlation test (P<0.05, P<0.01, P<0.001) and multiple regression. Statistical analyses were performed in the Statistica 10.0 (StatSoft, Poland).
RESULTS
Physicochemical analyses of air and water samples
The mean values and standard deviations of physicochemical and microbiological parameters of water and air samples are presented in Tab In sampling site PO, odour intensity was determined at 91-5161 oµ Ɛ m -3 in 2012 and 12-64 oµ Ɛ m -3 in 2013. The highest odour intensity was observed at the peak of summer stagnation and at the beginning of the fall turnover period in both years of the study. The values of the above parameters decreased gradually in fall. In sampling site AC, odour intensity in 2012 was significantly (2-to 24-fold) lower than in site PO. In 2013, odour was generally not detected in AC, whereas in PO, its values did not exceed several dozen oµ Ɛ m -3 (Fig. 3 a,b) . In 2012, H 2 S concentrations in PO were determined in the range of 2.58-4.84 mg S -2 L -1 whereas in 2013, H 2 S levels were significantly lower at 0.50-1.87 mg S -2 L -1 . In water samples collected from PO, H 2 S concentrations decreased gradually in both periods of the study, beginning from the peak of summer stagnation (late August). In water samples from sampling site AC, H 2 S concentrations were lower in both years of the study: they did not exceed 1.5 mg S -2 L -1 in 2012, and they were sporadically detected in amounts not higher than 0.5 mg S -2 L -1 in 2013. In both years, H 2 S levels decreased significantly (P<0.05) down the river. In samples from both sites and both years, the lowest concentrations of H 2 S were accompanied by the highest levels of DO (Fig. 3 a,b ) and the two parameters were significantly inversely correlated (P<0.01) In samples from both sites, NH 4 -N accounted for 21-22% of TN. In both years of the study, NH 4 -N levels, similarly to odour intensity and H 2 S, were highest during summer stagnation (July to August) and lowest in the fall turnover period (October) (Fig. 3 a,b) . Dissolved nitrogen was the predominant form of N in water samples from both sites, and its average percentage proportions in TN reached 85% in 2012 and 69% in 2013. High TN and DN values were noted between July and August 2012, and a significant decrease in those parameters in river water was observed at the beginning of fall turnover in the lake. The above trend was not noted in 2013 when TN and DN values were significantly lower in both sampling sites. Total particulate nitrogen (T-PN) levels were higher in PO samples than in AC samples in both years of the study. In PO, maximum T-PN values were observed at the beginning of the fall turnover period in the lake at 1.83 mg N L -1 in 2012 and 1.31 mg N L -1 in 2013. In AC, no significant changes in T-PN were noted during the study (Fig. 4 a,b) . Those trends were verified by the statistical analysis which revealed significant differences (P<0.05) in the concentrations of TN and DN between years and sampling sites (Tab. 1). In PO, TOC levels were determined in the range of 12. 40-16.50 (Fig. 5 a,b) . In PO samples, T-POC levels were significantly lower than DOC concentrations at 3.37 mg L -1 in 2012 and 2.62 mg L -1 in 2013 on average. The statistical analysis revealed variations only in TOC concentrations between the years (Tab. 1).
Direct and indirect correlations were found between odour intensity and the analysed physicochemical parameters of water only in sampling site PO. Highly significant correlations (P<0.01, P<0.001) were determined between odour intensity and the concentrations of H 2 S, TN, DN, T-PN and TOC. Odour intensity was significantly correlated (P<0.05) with the percentage of lake water in river water and with NH 4 -N levels (Tab. 2). The multiple regression analysis revealed that odour intensity was directly correlated with the concentrations of TOC and DN (r=0.4959, P<0.0014). Odour intensity was indirectly correlated with H 2 S and NH 4 -N values (r=0.73052, P<0.0012).
Abundance of bacterial communities
Total bacterial abundance ranged from 10 4 to 10 7 cells mL -1 , subject to bacterial group, sampling site and sampling date. The variations in bacterial counts were validated by the statistical analysis which revealed significant differences (P<0.05, P<0.01, P<0.001) in TBA values and counts of SRB, rod-and spiral-shaped bacteria between sampling sites and years (Tab. 1). In 2013, water samples collected Tab. 2. Statistic estimation by Spearman's correlation between physicochemical parameters and numbers of studied microorganisms recovered from the air and water samples collected at River Kortówka. , respectively. In samples from site AC, TBA values and the counts of SRB, rod-and spiral-shaped bacteria decreased several-fold in 2012 relative to PO samples. In samples from site PO, similar changes in the abundance of most analysed bacteria were observed throughout the study (Fig. 6a) . Maximum values of TBA, and counts of SRB as well as rod-and spiral-shaped bacteria were noted at the beginning of summer stagnation and in early lake turnover in fall. The size of the above bacterial populations in PO samples varied significantly (P<0.001) with changes in ambient odour intensity and concentrations of H 2 S, NH 4 -N, TN, DN, TOC and DOC. Negative correlations (P<0.001) were determined between TBA, counts of rod-and spiral- The effect of lake restoration on the ambient odour shaped bacteria vs. SO 4 and DO concentrations, whereas positive correlations (P<0.05) were noted between SRB and SO 4 as well as between cocci counts and DO levels (Tab. 2). In AC samples, TBA and the counts of SRB, cocci and bacterial rods increased at the peak of summer stagnation in both years of the study. The populations of all analysed bacterial groups, excluding cocci, decreased at the beginning of fall turnover (Fig. 6b) .
Relationships between environmental drivers and bacterial community
The multiple regression analysis confirmed the presence of significant correlations between TBA, counts of SRB, rod-and spiral-shaped bacteria vs. various forms of carbon and nitrogen only in PO samples. Total bacterial abundance and rod counts were determined by T-POC (r=0.7052, P<0.00022) and T-PN (r=0.7918, P<0.00005), whereas the populations of spiral-shaped bacteria were correlated with TOC and NH 4 -N values (r=0.7581, P<0.00001). The counts of SRB and rods correlated with H 2 S (r=0.9312, P<0.9035), P<0.0474) .
Differences in the percentage shape of SRB and morphology of bacterial populations were observed between years and sampling sites (Fig. 7) . Water samples from site PO contained mostly and bacterial rods that accounted for 53±8% of TBA in 2012 and 47±8% of TBA in 2013. In the first year of the study, the percentage proportions of SRB, cocci, bacilli and spiral-shaped bacteria were determined at 34±9%, 27±7%, 5±3% and 15±5%, respectively. In 2013, the percentage of cocci increased to 43±8%, whereas the share of SRB and spiral forms decreased to 12±5% and 2±3%, respectively in PO samples. Water samples from site AC contained mostly cocci that accounted for 64-65±10% of TBA in 2012 and 2013. The proportions of rods (24±6% in 2012 and 25±8% in 2013), bacilli (8±4% and 7±3%), SRB (7±4% in 2012 and 3±1% in 2013) , and spiral-shaped bacteria (4±2% and 3±2%) in TBA were similar in both years of the study.
DISCUSSION
In the world literature the question of restoration of water is usually widely examined in terms of benefits to the water reservoir (Nürnberg, 2007; Dunalska et al., 2013; Zamparas and Zacharias, 2014) . Simultaneously, there is a lack of detailed data on the negative effects of the use of such methods on the surrounding natural environment (water, atmospheric air) and organisms inhabiting them. This concerns in particular toxic substances such as hydrogen sulphide or ammonia, which are often released from the water to the air.
This process influences the formation of the characteristic odour, which may be a nuisance for the environment (Nürnberg, 2007; Brudniak et al., 2013) . The problems of odours associated with the hypolimnetic withdrawal will probably be up to date in case of most of The effect of lake restoration on the ambient odour the lakes restored in this method, regardless of their geographical location.
Summer odour emissions from Lake Kortowskie have continued for many decades. The local inhabitants and recreational lake users are aware that odour is a natural part of restorative processes in the lake, nonetheless, the emissions are a source of annoyance for members of the community and tourists. Organoleptic analyses produce valuable data, but they are subjective and difficult to standardize (Thornton and McMillan, 1989) . Detectable odours are generally mixtures of many aroma compounds, including ammonia (NH 3 ), hydrogen sulphide (H 2 S), sulphur dioxide (SO 2 ), carbon disulphide (CS 2 ), nitrobenzene (C 6 H 5 NO 2 ), aniline (C 6 H 5 NH 2 ), dimethylamine (C 2 H 7 N) and formaldehyde (HCHO) (Wan et al., 2014) . In ambient air, aroma compounds can occur in various concentrations, and they can produce different interactions. An aroma compound is generally impossible to identify in the presence of a more odorous substance (Wnorowski, 1992) . Qualitative and quantitative combinations of aroma compounds can enhance, weaken or completely eliminate an olfactory sensation. For this reason, quantitative analyses of ambient air should rely on sensory methods that guarantee the objectiveness, repeatability and replicability of results (Gostelow et al., 2001; Kośmider et al., 2002) .
The results of this study revealed that the intensity of ambient odour was correlated with the analysed physicochemical and microbiological parameters of water in the Kortówka River. Similarities were observed in the evaluated parameters, their mutual correlations and the significance of differences between years and sampling sites. Ambient odour was directly correlated with TOC and DN values which were influenced by H 2 S and NH 4 -N concentrations only at the outlet of the pipeline evacuating lake water to the river (PO). Hydrogen sulphide gives water a characteristic and unpleasant odour already at concentrations equal to hundredths of a milligram per 1 litre. The compound's odour changes when it is transported to ambient air by movement of water and difference in pressure (Brudniak et al., 2013) . According to Hermanowicz et al. (1999) and Huu Huan et al. (2013) , the threshold of H 2 S detectability in air ranges between 0.0007 and 0.2 mg L -1 . The fluctuations in odour intensity and the analysed physicochemical and microbiological parameters between the years of the study could be attributed to differences in the volume of water evacuated from the lake hypolimnion to the river. The amount of water discharged to the river was approximately 10-15% higher in 2012 than in 2013. The differences in the amount of water evacuated from the lake in each year of the study were not statistically significant, but the Spearman rank correlation analysis revealed significant correlations between the percentage of hypolimnetic water in river water and the majority of the examined physicochemical parameters (Tab. 2). The above implies that in 2012, intensified flow of lake water into the river could be responsible for higher pollution, including gaseous, in water samples collected from site PO. Those processes probably increased the intensity of ambient odour and the concentrations of all analysed parameters, excluding DO and SO 4 , in sampling site PO. Throughout the experiment, ambient odour was minimized or completely eliminated at lower concentrations of H 2 S, NH 4 -N, TN, DN, TOC, DOC, lower TBA and lower counts of SRB, rod-and spiral-shaped bacteria in AC samples collected at a distance of approximately 0.5 km from the outlet of the pipeline discharging lake water to the river (PO). Intensified odour of ambient air sampled from site PO was accompanied by higher values of parameters describing water samples drawn from the same site. The above was confirmed by the Spearman rank correlation analysis which demonstrated that odour intensity was correlated with H 2 S levels (r=0.946; P<0.001).
Hydrogen sulphide is a toxic gas which is produced in the hypolimnion by decomposing sulphur-containing organic matter or by dissimilatory sulphate reduction (Ito et al., 2002) . The above processes take place in anaerobic conditions and in the presence of organic substances which supply hydrogen for sulphate reduction, such as organic acids and alcohols. In water bodies, the most supportive conditions for microbial sulphate reduction exist in bottom deposits and the oxygen-deficient hypolimnion (Zinder and Brock, 1978; Reis et al., 1992; Tandyrak and Lizuraj, 2008; Huu Huan et al., 2013) . Bacteria from deep lake strata could be evacuated by the pipeline with H 2 S and other pollutants, which created a supportive environment for microbial growth in PO. According to Muylaert et al. (2002) , the morphology and quality of bacterial populations are largely determined by the specific trophic relationships between dissolved organic matter (bottom-up), heterotrophic bacteria and bacterivorous protozoa (top-down). Those mechanisms regulate the size and morphological structure of heterotrophic bacterial populations, and they are influenced by eutrophication and the depth of a water body. Water from the hypolimnion of Lake Kortowskie accounted for 40-50% of water in site PO. Oikonomou et al. (2014) demonstrated that the majority of bacterivorous protozoa are anaerobic organisms that play a limited role in the elimination of bacteria in oxygendeficient aquatic habitats. The above suggests that in our study organic matter (TOC, T-PN) supplied with hypolimnion water was the key factor responsible for the increase in TBA and counts of SRB, rod and spiral-shaped bacteria in PO. Those observations were confirmed by the results of multiple regression analysis. An indirect relationship between the counts of the analysed bacteria vs H 2 S concentrations and odour intensity points to higher metabolic activity of microorganisms, in particular sulphate-reducing bacteria. Sulphate-reducing bacteria are morphologically diverse, and they include cocci, rods, spiral-shaped bacteria, cell aggregates (sarcina-like) and multicellular gliding filaments (Rabus et al., 2001) . Those microorganisms oxidized simple organic compounds and reduced SO 4 to H 2 S. In natural habitats, the production of H 2 S is often indicative of the activity and presence of SRB (Babu et al., 2014) . As a result of SRB metabolism, sulphur-reduced compounds can deteriorate the organoleptic properties of water, which leads to the emission of unpleasant odour (Wargin et al., 2007) . The activity of SRB increased H 2 S concentrations and odour intensity in water and air samples from PO after 10-20 days (Fig. 3a) . Total bacterial abundance and the counts of SRB, rod-and spiral-shaped bacteria were positively correlated with H 2 S levels and negatively correlated with DO concentrations. In site AC, an increase in cocci counts was accompanied by an increase in DO levels and a drop in H 2 S concentrations, and the above correlations were statistically significant at P<0.05.
In our study, a significant correlation (P<0.05) was also noted between the intensity of ambient odour and NH 4 -N concentrations in water (Tab. 2). Similar results were reported by Wan et al. (2014) in Chinese rivers used for recreational purposes and by Yongsiri et al. (2004) . In the group of aroma compounds studied by the above authors, NH 4 -N was the major substance responsible for odour emissions from water. The cited authors described NH 4 -N and H 2 S as the key indicators in odour analyses. Similar trends were observed in our study where odour intensity changed with the concentrations of H 2 S and NH 4 -N (Fig. 3a) , and both compounds were correlated at a significance level of P<0.01 (Tab. 2). The concentrations of this form of nitrogen in the analysed water samples were significantly correlated with TBA and the counts of SRB, rod-and spiral-shaped bacteria (P<0.001). The increase in NH 4 -N and T-PN values in water samples from PO, observed 10-20 days after the peak in bacterial counts, points to feedback between aquatic microbiota and the presence and availability of different forms of nitrogen. Gołaś et al. (2008) reported similar correlations between microorganisms breaking down nitrogen compounds in the Drwęca River, a receptacle of contaminated water from a fish farm. High nitrogen concentrations promoted microbial growth, therefore, the size of bacterial populations feeding on organic compounds in wastewater could be expected to be very high. Ammonia oxidation has a very high demand for oxygen, therefore, a decrease in DO concentrations lowers the rate of nitrification in a water body (Ruiz et al., 2006) . The above inhibits self-purification of surface water by decreasing the rate of nitrificationdenitrification processes in a river (Yang et al., 2007) .
In our study, the morphological structure of TBA and percentage share of SRB in the Kortówka River varied between the years of the study and sampling sites (Fig. 7) . Water samples from site PO were colonized mainly by rodshaped bacteria (47-53±8% TBA) and SRB (12-34±6%), whereas samples from site AC showed a predominance of cocci (64-65±10% TBA). The differences in the proportions of rods, SRB and cocci between sampling sites could be attributed to the stimulating influence of organic substances on rod-shaped bacteria and SRB, as indicated by increased values of the analysed chemical parameters and higher counts of rods, SRB and cocci in site PO than in AC. The above is also validated by statistically significant correlations between bacterial counts and the concentrations of various forms of carbon, nitrogen and H 2 S (Tab. 2). Similar results were reported by Bertoni et al. (2010) in an analysis of correlations between epilimnetic and hypolimnetic bacteria and organic carbon in the deep holo-oligomictic Lake Maggiore. In our study, in water samples from site PO in 2012, SRB and spiral-shaped bacteria accounted for 34% and 15% of TBA, respectively, and their counts were highly significantly correlated (P<0.01, P<0.001) with the concentrations of H 2 S, various forms of nitrogen (NH 4 -N, TN, PN, T-PN) and DOC. The above created a supportive environment for rods and spiral-shaped of sulphate-reducing bacteria (SRB). Under anaerobic conditions, dissimilatory SRB use sulphate as a terminal electron acceptor in the degradation of organic matter, which leads to the production of H 2 S. The second source of H 2 S is organic matter decomposed by morphologically varied heterotrophic bacteria that are become pleomorphic in response to environmental changes (Young, 2006) . H 2 S is a highly reactive, corrosive and The effect of lake restoration on the ambient odour toxic compound which causes numerous environmental problems (Hulshoff-Pol et al., 1998; Shabir et al., 2007) . In water samples from site AC, cocci were the predominant bacteria, and cocci counts were not significantly correlated with the physicochemical parameters of water, except DO. Similar results were reported by Feng and Duan (2011) in the eutrophic Lake Taihu in China.
In this study, the variations in the proportions of SRB, bacterial rods, cocci and spiral forms between sampling sites PO and AC indicate that the physicochemical parameters of water significantly influence the abundance and morphological structure of bacterial populations. The presence of statistically significant correlations between bacterial counts, the hydrochemical parameters of water and the intensity of ambient odour indicates that studies of the type contribute to health protection, minimize the risk of environmental pollution and create optimal conditions for recreation.
CONCLUSIONS
The results of our study into the quality of ambient air and water in the Kortówka River indicate that hypolimnetic withdrawal, a lake restoration method, directly contributes to the production of a detectable odour in the vicinity of the restored water body. In this study, odour intensity varied subject to the distance from the pipeline outlet and the quantity of hypolimnetic water discharged to the river. In 2012, more water was evacuated to the river than in 2013, which contributed to intensified transfer of organic matter and gases from oxygen-deficient deep strata of the lake to the ecosystem of the Kortówka River. The above increased TOC concentrations, TBA values (r=0.7052) and the counts of rod-shaped (r=0.7918) and spiral-shaped bacteria (r=0.7581) in sampling site PO. Higher abundance and, probably, metabolic activity of those bacteria especially of SRB group increased H 2 S (r=0.9312) and NH 4 -N (r=0.8765) levels in water samples from site PO. The concentrations of those compounds were highly significantly (P<0.001) or significantly (P<0.05) correlated with the intensity of ambient odour. As our research showed the level of odour in the atmosphere depended on the quality of water discharged from hypolimnion. This suggests that this phenomenon was closely related to the restoration method of the lake. Therefore, we think that this issue should be taken into account in cases where the use of this method in other places worldwide. 
